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Abstract 
A range of experimental copolymeric poly(acrylonitrile) filament tows containing  dispersed 
phyllosilicate or montmorillonite clays have been extruded from commercial fibre-grade 
polymer (as a commercial dope) and from in-situ-clay-containing, suspension copolymerised 
polymers dissolved in sodium thiocyanate solution. The filaments show evidence of 
nanocomposite structures because of their excellent tensile properties and enhanced initial 
Young’s moduli. In the never-dried condition, they have been shown to be able to absorb the 
flame retardant ammonium polyphosphate (APP) at levels which appear to be dependent on 
clay type and concentration to yield high levels of flame retardancy with limiting oxygen 
index values in excess of 40 vol% being achieved. The clays present, which have different 
functionalities, have been shown to contribute to a flame retardant effect in addition to that 
conferred by the APP present and this has been quantified in terms of respective LOI 
contribution. This effect appears to be greater for the unfunctionalised Cloisite Na+ clay with 
APP levels in the fibre equivalent to a phosphorus level, PF = 6%w/w yielding an LOI value 
of 41.0 vol% with the component arising from the 1% clay presence being 5.0 vol%. 
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However, when the accompanying increased flame retardant absorption caused by each clay 
present is used to calculate an expected LOI value contribution, the actual LOI increases 
conferred by each clay become less and are significant only when fibre phosphorus levels, PF, 
are in excess of 4% w/w. Char levels appear to be independent of phosphorus concentration 
for the condition 4  PF  1%. For PF  4%, char levels decrease in the region where the 
additional effects of nanoclay become significant.  Finally, while the absorbed APP  is not 
durable, this work has demonstrated that a clay dispersed together with a flame retardant 
yields an acrylic filament having acceptable tenacity, improved modulus and high levels of 
flame resistance. 
 
KEYWORDS: acrylic, nanoclay, ammonium polyphosphate, flame retardancy, filaments, 
limiting oxygen index 
 
1.  Introduction 
 
Of all the conventional fibres, acrylics are amongst the most flammable compared with the 
cellulosics cotton, flax and viscose in terms of representative oxygen index (LOI) 
measurements. Commercial acrylic fibres are long chain polymers composed of at least 85% 
by weight of the monomer acrylonitrile and a small amount of a second comonomer such as 
methyl acrylate (MA) which will act as a plasticizing comonomer to improve processability. 
In addition, they often contain an anionic monomer, such as itaconic acid to act as a site of 
reactivity for cationic dyes. Polyacrylonitrile-based copolymers have been successfully 
modified to increase their flame resistance by copolymerisation with halogen-containing 
monomers and the well-established modacrylics typically comprise 50% by weight of 
comonomer such as vinylidine chloride. The presence of a high chlorine content and often a 
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synergist such as antimony III oxide in modacrylic fibres is currently causing concern as the 
use of halogen-containing flame retardants becomes under attack on environmental grounds 
[1]. In terms of non-halogen-containing additives for acrylic fibres, it has also been 
documented that phosphorus-containing additives, particularly ammonium polyphosphates 
(APP), are extremely effective, although these may be introduced only when organic solvents 
such as dimethylformamide are used [2-6]. However, to date no commercial flame retardant 
acrylic fibres have been or are in production in which phosphorus-containing agents are 
present.  
Use of aqueous salt solutions like sodium thiocyanate unfortunately may cause solubilisation 
of previously insoluble ammonium polyphosphates because of ion exchange in the first 
instance [7]. An alternative method of introducing such an effective flame retardant into an 
aqueous salt-wet spun filament is through absorption while still in a gelled state during the 
extrusion bath stage. This well-established route for introducing dyestuffs into acrylic fibres 
[8] could be applied to flame retardants and we shall be reporting on such studies in depth 
elsewhere in which we show that flame retardants may be applied to filaments during their 
coagulation and post-coagulated (or as “never-dried” filament tow) stages [9]. 
In addition to the possible introduction of flame retardancy via single phosphorus-containing 
species like APP, we have shown that in cast polyamide 6 and 6.6 films, the addition of 
dispersed nanoclays may enhance their performance [10, 11]. This paper is the first of a more 
comprehensive study [7] and describes the introduction of dispersed clays into acrylic 
copolymers, their extrusion into fibres, the absorption of ammonium polyphosphate when 
they are in their “never-dried” forms and the determination of their flammability using 
limiting oxygen index.  
 
2.  Experimental Method and Results 
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Two approaches were followed, namely copolymerisation of the acrylic monomers in the 
presence of the nanoclay and blending of clays into a commercial quality polymer solution (or 
extrusion dope) prior to spinning followed by spinning. The first method using in-situ 
copolymerisation is more challenging in terms of achieving the correct molecular weight 
averages and distributions required for use in fibre extrusion, while the second or dope-
blending method, enables conventional polymer dopes to be used. 
 
2.1  Materials and characterisation 
 
The unfunctionalised Cloisite Na+ and the quaternised methyl, dihydroxyethyl, hydrogenated 
tallow, ammonium ion-functionalised Cloisite 30B and similar Cloisite 20A and 93A clays 
were supplied by Southern Clays Inc, USA. Table 1 lists all clays used with their respective 
properties. 
The monomers acrylonitrile and methyl acrylate were of commercial fibre-forming polymer 
quality and the solvent 51%w/v sodium thiocyanate was of “crystal” quality and prepared and 
supplied by the former company Acordis Ltd. (now no longer trading). Prepared samples of 
polymers were analysed for average molecular weight in terms of intrinsic viscosity (IV) 
determined in the laboratories of Acordis. Here 0.100 g dried polymer was dissolved in 51% 
NaSCN and the time to flow, tps, through a Type B Ostwald viscometer determined at 25
oC. 
IV values were determined using the equation: IV=2ln(tps/ts) where ts is the time of flow of 
solvent [12]. 
The flame retardant selected for treatment of all experimental filament tows and polymer 
samples was the low molecular weight, soluble ammonium polyphosphate product Antiblaze 
LR2 (Rhodia Consumer Specialities) with a nominal 53% w/w solids content.  
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Limiting oxygen index (LOI) values of filament tows were undertaken on 10g samples of tow 
shaped to fit within the thin sample holder of  a Stanton Redcroft FTB instrument according 
to ASTM 2863-77 (revised 1990 version). Improved reproducibility was obtained if the tow 
samples were pressed before mounting in the sample holder [7]. Where tows were not 
available, pressed polymer samples (100 x 20 x 3mm) prepared according to the method of 
Zhang et al [3] were used.  
Thermal analysis, using a combined DTA/TGA TA Systems STD 2690 instrument, was 
undertaken on 6  0.5mg samples under nitrogen at 10o/min up to 900oC and char levels were 
determined at 500oC. Values were corrected for clay content by subtracting the respective 
clay content, if present. 
Phosphorus analyses were undertaken to assess the amounts of phosphorus present in each 
APP-treated filament tow or pressed powder sample. The method used was based on that 
reported by Banks [15] where a modified molybdovanadophosphoric acid, complexing 
spectrophotometric technique is described. However, a more aggressive digestion was used 
instead of the simple perchloric acid method. This required 1g of the sample to be converted 
to a char by exposure to hot concentrated sulphuric acid followed by the addition of fuming 
nitric acid drop-wise until the solution was a pale straw colour. Finally, both 2ml fuming 
nitric and 1ml perchloric acid were added and the resulting solution was boiled to remove the 
nitric acid with heating continued until the perchloric acid ceased fuming [7]. In this way, all 
phosphorus content present was released from the acrylic samples and oxidised to phosphate 
ions. 
 
2.2 In-situ radical polymerisation of nanocomposite copolymers 
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A series of three radical polymerisations were carried out at the former Acordis laboratories, 
where a small-scale, continuous slurry reactor was available and would enable incorporation 
of both Na+ Cloisite and 30B Cloisite clays to the polymer slurry. The process used was a 
small scale version of the process used commercially by Acordis. Because of the nature of the 
specialised equipment, the particularly hazardous materials used and the commercial 
sensitivity of the process, all polymerisations were carried out by Acordis personnel, assisted 
by the one of the authors (JH).   
The polymerisation system was operated in a continuous reaction mode where fresh reagents 
were continually pumped into the stirred reactor and a mixture of product and unreacted 
starting materials was allowed to overflow into a collection vessel.  A characteristic of such a 
method of operation is the average residence time, which is defined as the effective volume of 
the reactor divided by the combined flow rate of raw materials (assuming that there is no 
change in density upon reaction).  After any change in reaction conditions, it typically took 
three residence times for the reaction to restabilise and the overflowing product to reach 
equilibrium conditions.  
The monomers acrylonitrile (AN) and methyl acrylate (MA) were premixed at concentrations 
required to produce commercial-grade copolymer into a single feed as listed in Tables 2 and 
3.  Redox initiators were prepared as two separate aqueous solutions and comprised the other 
two feeds giving three feeds in all, each of which was pumped at pre-calculated rates into the 
reactor through individual dip pipes, which reached approximately 80% of the way to the 
bottom of the reactor. As the monomers polymerised, the resulting slurry at the reactor outlet 
would normally contain approximately 25% (w/w) of the AN/MA copolymer maximum 
possible yield. The overall polymerisation conditions are listed in Table 2.The reaction in the 
overflowing slurry was terminated by the addition of ethylenediamine tetra-acetic acid, 
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EDTA, which strongly complexes the iron ions used as an activator for the redox initiators, 
and the polymer was then filtered and washed. 
: 
Polymerisation (PI): The first polymerisation was carried out to prepare three sequential 
batches, with the first one being initiated without the addition of nanoclay and the other two 
containing each of the dispersed clays.  During the first batch and after equilibrium had been 
achieved, a small sample of control polymer was collected. The Cloisite Na+ clay was added 
into the feed as slurry and after re-equilibration and sampling of the second batch, the clay 
was changed to Cloisite 30B to prepare the third. 
In order to add the clay slurries to the reactor feeds, each was blended in with the reducing 
agent (R) feed.  This was chosen over the oxidiser (O) feed because it had higher solids 
content and so would be less susceptible to absorption effects if the clay were to entrap the 
dissolved salt in any way.  Additionally, the reducer feed had ferrous sulphate added to it and 
so any iron impurity present in the clay would have a less effect in this feed than in the iron-
free oxidiser feed.  It was considered that addition of the clay to the monomer feed would 
pose an unnecessary risk as any free radical species entrapped in the clay might have led to a 
violent bulk polymerisation of the monomer. 
The Cloisite Na+ clay was initially made into a 9:1 (w/v) paste with water which enabled the 
reducer feed to contain 1% clay by weight on monomers. The Cloisite 30B clay was made 
into a 5:1 (w/v) slurry with water and then used to make the reducer feed.  The dispersions of 
the clays were exposed to high shear mixing prior to use, using a Silverson mixer at 5000 
rpm, in order to break down the particle size.  While the Na+ clay dispersed well in the 
aqueous solution, only a small amount of stirring was sufficient to keep the clay in 
suspension. However, the functionalised 30B clay was less hydrophilic and thus had a 
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tendency to aggregate and form a flake –like dispersion and so continual stirring of the 
feedmix was necessary to maintain the dispersion. 
Three polymer cakes were produced as below with yields expressed with respect to monomer 
mass: 
1. AN/MA control    Yield = 82% 
2. Cloisite Na+  nano-polymer   Yield = 86% 
3. Cloisite 30B nano-polymer   Yield = 79% 
Cakes were washed and dopes were prepared in 51% w/v sodium thiocyanate solution from 
all three polymer cakes to yield nominal 13% (w/w) concentrations.  All three dopes were 
observed to form easily and to be of low viscosity, indicative of low molecular weights. 
 
Polymerisation II (PII): Building on results obtained in the first polymerisation PI series, a 
second polymerisation series was carried out using only Cloisite Na+ because of its superior 
dispersing properties. The aim was to achieve 5% w/w clay on monomer i.e. (95% monomer, 
5% clay) having a possible nanocomposite structure with an increased polymer molecular 
weight consistent with a target IV=1.5 by keeping the percentage of the monomer feed 
constant and reducing the initiator feed concentration by 50%. 
Two polymers were produced, the AN/MA control and that containing 5% (w/w) clay. The 
control polymerisation although successful, produced a conversion of only 66%, which was 
lower than had been obtained in the first reactions. When the clay feed was being prepared, it 
was observed that at the concentrations necessary to achieve the 5% level, the increase in the 
viscosity was significant and pH sensitive with an unacceptably high value for pumping into 
the reactor at pH=3.  The exothermic polymerization caused an increase in reactor 
temperature from 55 to 63°C over a period of less than one residence time and the viscosity of 
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the slurry leaving the reactor also increased to the point where it was clear that the reactor was 
internally blocking.  Small samples of polymer were collected  to enable measurement of 
molecular weight and subsequent flammability behaviour, but equilibrium was never fully 
established and the reaction had to be abandoned earlier than expected.  
Samples of the polymers produced showed values of IV=2.24 for the control and 1.73 for the 
clay-containing analogue well in excess of the target value of IV=1.5. However, while it was 
considered that the products were considered not suitable for a spinning investigation, they 
were retained for flammability studies because of the higher clay content of 5%.  
Polymerisation III (PIII): Based on the PII results, an initiator level intermediate between 
that used in Polymerisations I and II was selected with both Na+ and 30B nanoclays being 
introduced at levels of 1 and 3% by weight on monomers. Each reaction ran well and only 
slight increases in exothermic intensity were observed when the clays were introduced. Yields 
of polymer and respective IV values are listed in Table 4. 
While these intrinsic viscosity values were still above the target range of 1.4-1.5, the 
industrial sponsor was satisfied that the values achieved were suitable for fibre production. 
Samples of the polymers were made into spinning dopes to produce experimental fibres at the 
sponsor’s laboratory by stirring with a Z-blade mixer was used at 2000 rpm for a period of 30 
minutes.  Each resulting solution was allowed to de-aerate naturally over a period of several 
days. 
 
2.3 Dope blending of clays 
 
In addition to the two clays used in the polymerization work, Cloisite 93A and 20A clays 
were also used because, while both are modified with a greater amount of oleophilic additives 
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than the Na+ and 30B grades and thus were unsuitable for dispersion in water, they did 
however appear to be dispersible in the polymer solution. 
Dispersion of all clays (1% w/w) was achieved by taking the dry powder and stirring it into a 
commercial quality “Courtelle” polymer solution collected from the former Acordis 
production plant in Grimsby.  Again a Z-blade mixer was used at about 2000 rpm for a period 
of 30 minutes before the resulting blend was allowed to de-aerate naturally over a period of 
several days. 
 
2.4 Polymer spinning 
 
The polymer samples produced from polymerisations I and III were spun into fibre at the 
Acordis Coventry site as were the PAC dopes blended with all four nanoclays. The schematic 
of the overall process is shown in Figure 1 and Table 5 summarises the various dopes 
extruded. 
The equipment was set up to produce tow comprising 3.3 decitex filaments from each of the 
dopes using a jet with 1200 holes each of 63 μm diameter. A candle filter was used to protect 
the jet from large particulates that may have been present in the dope and for a final protection 
of the jet, a small piece of filter cloth was wrapped around the back of the jet face. The speed 
profile of the rollers is shown in Table 6. 
Initial observations were that the filaments spun from the clays stirred into the commercial 
polymer dope control were of good quality and were relatively easy to spin. However those 
produced from the laboratory PI samples were generally very weak and brittle and were 
difficult to process due to breakages occurring on the line. The higher molecular weight 
filaments from polymerisation III were similarly brittle character. All filaments produced 
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were collected as continuous tows on formers using the winder and the resulting tows placed 
as hanks in water to keep them wet. These never-dried-filaments (NDF) were investigated for 
tensile properties in laboratories at the University and Acordis. 
 
2.5 Physical characterisation 
 
Samples of each of the never dried-fibres-produced in spinning investigations were dried at 
room temperature in a fume cupboard or in an oven at 130 or 140°C for 5 minutes under 
tension-free conditions to determine whether a post-annealing stage would improve filament 
properties. Tensile testing of individual filaments was carried out where possible (see below) 
in the sponsoring company’s laboratory under standard atmospheric conditions. Individual 
filament fineness measurements in decitex were made on a Vibroskop and then tensile tested 
on the Testometric Micro 350 Universal Electronic Tester. The process was repeated on 30 
filaments from each sample.  
Experimental filament tows were tested using a Statimat tensile tester. Duplicate 20 metre 
samples of each tow were wound on to cones with one set being air dried and the other set 
being oven-dried at 80°C overnight. For each sample, fifteen replicate100mm specimen tow 
lengths were tested for tenacity and percentage elongation-at-break and results averaged. Tow 
linear densities were determined gravimetrically under standard atmosphere conditions.  
 
2.5.1 Filament tensile property results 
Table 7 shows the filament properties of oven-dried and air-dried samples of filaments, with 
and without incorporated nanoclays. While the target filament fineness was 3.3 dtex, the 
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results show that average values were in the range 4-5 dtex. The filament linear density 
distributions across each 30 filament set tested were broad, as can been observed in Figure 2 
for stirred precursor dope and in Figure 3 for laboratory polymerised precursor filaments 
containing 1% Cloisite 30B. All the air dried samples, except those containing Cloisite 20A, 
have smaller average linear density values than the oven-dried equivalents probably because 
of shrinkage that occurred under tension-free conditions during the hot drying process. This 
shrinkage following heating and also is the cause of the higher extensibilities recorded for the 
oven-dried samples.  
Except for the Cloisite Na+ clay-containing sample, filaments after oven-drying and which 
contain clays stirred into respective precursor polymer dopes, have slightly higher tenacities 
than the Courtelle control. Both the laboratory polymer control and Cloisite 30B 
nanopolymers from PI gave lower tenacity values than the Courtelle standard and stirred-in 
clay polymer precursors; however the laboratory nanopolymer (Cloisite 30B) does show a 
greater tenacity than the laboratory control which possibly indicates formation of a 
nanocomposite structure. The effects of air- versus oven-drying are not consistent and within 
the standard deviation of results, both sets of results may be considered to be effectively the 
same. 
The initial Young’s moduli of the air dried version are all approximately 50% higher in value 
than the oven-dried samples, again the consequence of molecular chain relaxation as a 
consequence of heating. The introduction of dispersed clays has a marginal effect on dope-
stirred filament moduli (about a 10% increase), which is not as high as increases reported by 
other authors for fibres such as polyamide 6 [11, 13, 14].The moduli for filaments produced 
from stirred precursor dopes are at least twice the values of those from Polymerisation I 
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polymers; presumably this is a consequence of the lower average molecular weights of the 
latter.  
In spite of the higher IV values and dope viscosities of Polymerisation III polymer samples, 
while extrusion proved to be successful, component filaments were subjectively considered to 
be as brittle and difficult to handle as those containing Cloisite Na+ clay from the previous PI 
samples and so were not subjected to tensile testing either as tows or filaments. Polymer 
samples were, however retained for further flame retardant absorption experiments. 
 
2.5.2 Tow tensile property results 
While the Polymerisation I, Cloisite Na+-containing laboratory-polymerised samples of 
filament were too brittle to be tested, it was possible to handle and test the filaments in tow 
form and the tensile properties are similar to those of the other experimental tow results in 
Table 8. For stirred dope precursor tows, Table 8 shows that when oven-dried, all but the 
Cloisite 93A-containing, stirred-in clay samples have lower tenacities than the Courtelle 
control. Similarly, the Cloisite 30B nanopolymer (PI) gives tow with a much lower value than 
the laboratory  polymer control, although the Cloisite Na+ analogue gives a higher tenacity 
than both control tows. 
The air-dried yarn results, while within error showing similar tenacities to the oven-dried 
analogues, suggest that the 93A and 20A stirred-in clay, precursor tows give higher values 
than the Courtelle tow. Cloisite 30B and Na+-containing tows, give lower values. Both 
laboratory clay-containing polymeric PI tows show lower tenacities than the laboratory 
polymer control tow. Furthermore, the average respective filament tenacities are higher than 
tow tenacities and this is typical of continuous filament bundles in which the weakest 
filaments significantly influence the overall tow properties. This effect is also demonstrated in 
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the reduced breaking elongation values of tows with respect to individual filament behaviour. 
Again, oven-drying  increases breaking elongation relative to the air-dried values. 
Generally, all properties determined are quite comparable to commercial polyacrylic-based 
filaments as reported in standard texts with typical reported values of tenacity and elongation-
at-break values in the respective ranges of 2.5-3.5 cN/dtex and 20-30%. The lower tenacity 
values for the laboratory-polymerised (PI) ones reflect the low molecular weight of the 
polymer used. In spite of the improved IV values obtained during Polymerisation III, the 
molecular weight characteristics were obviously still too low for filaments having acceptably 
high tensile values to be obtained. 
 
5.6 Preparation and flammability testing of flame retarded experimental tows and 
polymer samples 
 
Dope plus clay-blended tows: Three experimental NDF samples containing Cloisite Na+ and 
30B clays stirred into the commercial acrylic polymer, and the acrylic (Courtelle) control 
itself, were chosen from the spinning experiments to undergo treatment with Antiblaze LR2 
and subsequent flame retardancy testing because of their respective higher tenacity values 
recorded in Table 7. Based on our observations that acrylic filaments in their post-coagulated, 
never-dried stage may absorb flame retardant species from an aqueous medium very readily 
[7, 9], 30g of each tow were manually immersed in 100ml solutions of Antiblaze LR2 at 
nominal concentrations, PL, of 1, 3 and 6% phosphorus (calculated based on the nominal 
manufacturer’s concentration of 53% w/w and formula of APP). In each case, the fibre hank, 
suspended from one end, was totally immersed in the flame retardant solution three times 
with excess solution being removed by gloved finger-squeezing tightly along the length of the 
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fibre. The fibre hank was inverted and the process was repeated. The treated fibres were then 
oven dried at 100°C for 20 minutes. The treated tows were then tested for LOI and 
phosphorus contents, PF, and Table 9 lists the results which show the expected regular 
increase in PF values, as phosphorus concentrations in the LR2 APP liquor, PL , increase [7, 
9]. Similarly, LOI values of fibres increases significantly as phosphorus content increases and 
this may better be expressed in terms of the increase in LOI per unit concentration of 
phosphorus in the fibre, ΔLOI/PF, with respect to the LOI of the standard acrylic (Courtelle) 
value. The effect of added nanoclay at a given phosphorus concentration in the bath, PL, may 
be interpreted as the increase in LOI with respect to respective results for the control tow 
behaviour containing APP only, ∆LOI nano = (LOI nano – LOI FR control). Both sets of derived LOI 
values are listed in Table 9. 
For all three filament tow data sets, values of ΔLOI/PF are seen to rise from about 0.9-1.7 at 
the lowest  PF values (1.2 – 1.6 %w/w) to as high as 2.6-3.0 at the highest PF values 6.6-6.8 
%w/w. That the increase in flame retardant property is non-linear with the effective retardant 
concentration is typical of many polymers where an “S-shaped” relationship is observed [16]. 
However, the similar ΔLOI/PF values noted for PF values in the range 3.5-6.5 %w/w resulting 
from exposures to APP solution concentrations of PL = 3 and 6%w/w suggest that a linear 
relationship now exists and the very high LOI values (36.0) are measures of the 
effectiveness of ammonium polyphosphate as a flame retardant for acrylic copolymers as 
noted previously [3-6]. More relevant to this discussion is the further enhancement in LOI 
associated with the introduction of a nanoclay, designated as ∆LOI nano in Table 9, which 
appears to be greater than similarly flame retarded tows containing the non-functionalised 
Cloisite Na+ clay. This is perhaps related to the previously noted, subjectively observed 
improved ease of dispersion shown by Cloisite Na+ clay of the three clays studied. The 
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improved tensile properties of these filaments also indicated that a nanocomposite structure is 
present. 
However, closer inspection of Table 9 shows that the presence of each clay gives rise to 
greater absorbed phosphorus levels and these are shown as ΔPF ( = ( PF nano – PF control)) 
values. The reason why presence of clays increases APP absorption is not obvious but the 
increased phosphorus could be partly, if not wholly, responsible for the apparent increase in 
LOI as ∆LOI nano. It is possible to calculate the fraction of LOI value for which each ΔPF 
value is responsible using the control APP-only value of ΔLOI/PF for a defined PL value in 
Table 9. Thus LOI values which are determined by phosphorus contents alone may be 
calculated for each clay-containing sample to give LOIP= LOIFR + ∆PF (ΔLOI/PF)FR, where 
the subscript FR relates to the values for samples containing only the flame retardant APP in 
Table 9. Values of LOIP, when subtracted from the actually measured LOI values for each 
respective clay-containing tow, yield the corrected  ∆LOI nano values, ∆LOI nano(corr), which 
relate only to the effect of clays present. These are listed in Table 10. The corrected values are 
considerably less and in some cases negative with respect to values of ∆LOI nano in Table 9. It 
is evident that the effect of added clays is only significant when PL  3% w/w and PF > 4% 
w/w. 
  
Polymerisation II and III polymer and tow samples: During the PII experiments, the 
samples, while having poor extrusion characteristics in spite of their acceptable molecular 
weights, contained 0 and 5% Cloisite Na+  and were used to investigate the effect of higher 
clay concentration and APP on the overall polymer flammability. 
30g sample of each polymer cake was added to100ml solutions of Antiblaze LR2 at nominal 
concentrations of 1, 3 and 6% phosphorus, for 2 minutes and then separated by filtration.  
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After oven drying at 80°C for 2 h and pressing into plaques, each was analysed for 
phosphorus and tested for LOI with results are included in Table 9.  
While the results for the two control samples in Table 9 cannot be directly compared because 
of the different polymer histories, the introduction of Cloisite Na+ clay at 5% appears to 
increase significantly the phosphorus take-up by the polymer, as noted in the previous set of 
dope/clay-blended tows containing only 1% w/w clays. In the clay-containing PII polymer, 
the very high LOI value of 42.0 vol% is evident at lower phosphorus levels (PF=4.5%) than 
observed for the dope/ 1% clay-blended tow sample with PF=6.8% having a similar LOI (41.0 
vol%). This increased flame retarding efficiency of the higher 5% clay level is also indicated 
by the respectively higher apparent ∆LOI nano value of 9.2 vol%. However, if the results are 
corrected with regard to the contribution to LOI values from the increased PF values 
associated with 5% clay addition, then the true affect of clay shown in Figure 10 is neglible, if 
not zero, until PL > 3 and PF > 4% w/w as seen with the 1% clay-containing samples. 
Polymerisation III samples: While it is evident that high levels of flame retardancy have 
been achieved and that the dispersed clay and APP appear to be acting in concert, the poor 
water durability of the latter would remain a problem should commercial exploitation be 
considered. However, it was proposed that the open microstructure of the resulting acrylic 
fibres could contribute to this poor durability and so it was deemed necessary to consider the 
effects of heat on PIII samples after absorption of APP. The final drying/setting conditions 
chosen were air-drying and setting at 130 or 140oC commensurate with normal commercial 
filament setting processes. Thus 30g of each polymer (ie containing 1 or 3% weight of either 
Cloisite  Na+ or 30B clays) was mixed into nominal 1 and 3% phosphorus concentration 
solutions of Antiblaze LR2. Polymer samples were treated, collected and dried as described 
above for PII samples and then assessed for LOI before and after a 30 min, 30oC water soak 
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and  percentage phosphorus levels. Selected dried samples were then heat-treated at 130 and 
140°C to fully collapse any micro-fibrillar voids present and hopefully increase fixation of 
APP. The overall results of the effect of the variables on PF and LOI are shown in Figures 4 
and 5 respectively. Fixation temperatures will be expected to have little or no effect on the 
phosphorus-uptake values and this is seen in Figure 4 when comparing the PF values of the 
sets of tows with the same clay type and concentration and treated under the same PL 
conditions but dried or heat-annealed under different conditions. For example, in Figure 4 for 
the 1% Na+ clay-containing tow treated at PL=1%w /w, PF values are 2, 2.6 and 2.0 % w/w 
respectively after air-drying or heat-annealing at 130 and 140oC, while after treating  at 
PL=3%w /w, PF values are 5.0, 6.0 and 8.2 %w/w. Based on this observation, the results may 
be simplified and presented in Table 11 in which PF values are the averaged values for each of 
the polymer samples prepared separately prior to subjecting them to air-only drying or 130 or 
140oC annealing conditions.  
Table 11 clearly shows that PF values increase with respective PL values as expected but the 
value of the latter is influenced by clay concentration and type. Generally, increasing the clay 
concentration from 1 to 3% decreases respective PF values, although introduction of 1% clay 
increases respective PF values with respect to the control tow when subjected to the same LR2 
solution concentration, PL.  Furthermore, the 3% LR2- treated tow containing 1% Na
+ is the 
most effective with respect to uptake of phosphorus suggesting that unfunctionalised clays 
will increase the substantivity of the acrylic tow for APP, compared to the functionalised, less 
polar Cloisite 30B clay (see Table 1). 
It is also evident in Table 11 that LOI values are proportional to PF values with the 1% 
clay/PL=3% condition having PF=6.4% w/w yielding the highest LOI value of 36.0 vol%. This 
proportionality is more clearly observed in Figure 6(a) where all LOI vs PF data in Figures 4 
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and 5 are plotted and there is a tendency of LOI to asymptote to values in the region of about 
36 vol% for PF  4%w/w. However, after the water soak, all air-dried samples gave LOI 
values in the range 21.0-22.0 vol%, 130oC-annealed samples were in the range 21.2-21.6 
vol% and 140oC-annealed samples yielded an LOI range of  21.1-21.6 vol%. This indicated 
that almost most, if not all ammonium polyphosphate had been removed and that the post-
drying treatment had no effect on the durability. 
With regard to residual chars from TGA at 500oC under nitrogen, Figure 7 shows from an 
original char level of pure copolymer of 59.1%, the addition of flame retardant raises (PF > 
0.9%) values to levels generally above 60% but in an apparently random manner with no 
obvious effect of added nanoclay. Plotting percentage char against polymer phosphorus 
content, PF, in Figure 6(b), also confirms that after an initial increase as a consequence of 
absorbed APP,  there is almost a constant level independent of either increasing phosphorus 
level up to 4% P and then a decreasing level when PF >4%. Also, the char results appear to be 
independent of clay type or content as indicated in Figure 7. We have shown previously [3] 
that in phosphorus-containing flame retarded acrylic copolymers, LOI increases linearly with 
char percentage indicating that condensed phase mechanisms predominate. Plotting LOI 
versus char percentage of all data in this series of experiments shows no apparent correlation 
at all but if only LOI vs char values for PF  4% are plotted, the results are shown in Figure 
6(c) as a less random scatter suggesting that for PF > 0.9%, LOI is also independent of char 
level within experimental error.. This is surprising since both Figures 6(a) and 6(b) do show 
evidence that LOI and char depend upon polymer phosphorus content  up to PF = 4%w/w.  
In conclusion, it is interesting to note that the effects of phosphorus content are significant in 
determining the major flame retarding effect in the range PF = 0 to 4%w/w while above this 
the effect of increasing phosphorus reduces char while maximising LOI at about 36% vol%. 
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The results for both 1% clay-containing tows and 5% clay-containing PII polymers containing 
APP indicate that the effect of nanoclay becomes significant only at PF  4%w/w and this 
may explain why percentage char reduces in Figure 6(b) while LOI continues to slowly rise in 
Figure 6(a). 
 
6. Conclusions 
 
It is evident that the addition of nanoclays at the 1% w/w level to a prepolymerised 
copolymeric acrylonitrile solution may give rise to a nanodispersion that may be wet extruded 
under simulated commercial conditions into filament tows having acceptable textile properties 
in terms of tensile behaviour. Furthermore, these latter were little dependent up on the clay 
used in terms of functionality. Since neither x-ray diffraction nor transmission electron 
microscopic studies were undertaken, it was not known whether  definable nanocomposite 
structures had been achieved, although tensile Young’s moduli of clay-containing filaments 
were greater than the control, clay-free sample. However, when the clays were introduced at 
the polymerisation stage, then the resulting polymer solutions were more difficult to extrude 
and tensile properties were inferior although the unfunctionalised Cloisite Na+-containing 
filaments gave slightly superior properties. 
The highly expanded or microvoided form of the as-spun filaments or NDF polymers also 
demonstrated the ability to absorb considerable amounts of a water-soluble flame retardant 
like ammonium polyphosphate with LOI values as high as 36.0 vol% being achieved at 
phosphorus concentrations in the fibre, PF = 6%w/w. The presence of clay at 1% in the dope-
clay-blended tow samples showed that slight synergy with the phosphorus content present 
was evident and the increase in LOI as a consequence of adding the clay is clearly 
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quantifiable. This synergy appeared to be greater for the unfunctionalised Cloisite Na+ clay 
with APP levels in the fibre equivalent to PF = 6%w/w yielding an LOI value of 41.0 vol% 
and an increase arising from the 1% clay presence of 4.2 LOI units. On increasing the clay 
concentration to 5% w/w, a slightly reduced APP content (PF = 4.8%w/w) yielded an even 
higher LOI value of 42.0 vol% with the increase being associated with increased phosphorus 
absorption (∆ PF  = 1.7%w/w) ),equivalent to 7.7 and the clay contribution of 2.5 LOI units. 
For both clays, this synergy is only really significant at PF  4%w/w and it is pertinent to note 
that under these conditions, the percentage char, previously increasing with polymer 
phosphorus content, now starts to decrease (see Figure 6(b)). Clearly this is evidence that a 
clay in combination with a flame retardant can enable reduced concentrations of the latter to 
be used to achieve the same degree of flame retardancy. We have demonstrated similar effects 
in polyamide 6 and 6.6 films previously [10, 11], but we believe that this is the first time this 
effect has been observed in a copolymeric acrylic filaments or indeed any extruded fibre-
forming polymer filaments. Unfortunately, the APP used, while being sufficiently soluble to 
be absorbed by as-spun filaments, is easily removed by a water soak at 30oC and even post 
extrusion annealing cannot improve the durability. However, notwithstanding these poor 
results, we have demonstrated that the addition of clays to polyacrylic copolymers having 
fibre-forming properties, not only improves tensile properties but may give rise to high levels 
of flame retardancy if a durable, phosphorus-based flame retardant was also present at lower 
levels than would normally be required when used alone. 
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Table 1. Properties of organically modified clays 
 
 
Commercial 
clay 
Functionalising, 
quaternised ion 
Particle 
size, μm      
( 90% less 
than) 
Density, 
g/cm3 
d spacing, nm 
 
Cloisite Na+ 
                   
            - 
13 2.86  
1.17 
 
Cloisite 20A (CH3)2 . HT2 . N
+ 13 1.77 2.42 
Cloisite 30 B 
CH2CH2OH
CH3 N T
CH2CH2OH
+
 
13 1.98 1.85  
Cloisite 93A 
 
CH3 . HT2 . NH
+ 13 1.88 2.36 
Note: where, HT is hydrogenated (65% C18; 30% C16; 5% C14), anion: sulphate; T is 
tallow (65% C18; 30% C16; 5% C14), anion: chloride in 20A and 30B; hydrogen sulphate 
in 93A 
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Table 2: Polymerisation component concentrations 
 
Function Component and conditions 
Feed Monomer Acrylonitrile 2330g, methyl acrylate 123g  
Feed Rate = 38 cm3min-1 (30.7gmin-1) 
Feed Oxidiser Oxidising agent (O): potassium persulphate 33g, 
Demineralised (DM) water 10 litres  
pH adjusted to 2.8 – 3.0 with sulphuric acid 
Feed Rate = 46 cm3min-1 
Feed Reducer Reducing agent (R): sodium metabisulphite 132g, DM water 
10 litres, ferrous ammonium sulphate 0.37g 
pH adjusted to 2.8 – 3.0 with sulphuric acid  
Feed Rate = 46 cm3min-1 
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Table 3: Polymerisation I conditions 
 
Reactor Temperature 55C 
Residence Time 20 minutes 
Monomer concentration 25% (of which AN 95%, MA 5%) 
Stirrer speed 1200 rpm 
R:O mass ratio 4 
O:M mass ratio(where M = total 
monomer mass) 
0.43  
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Table 4: Polymers produced and molecular weights from Polymerisation III. 
 
Clay type and content Yield Molecular weight as IV 
Control: none 78% 1.81 
1% Cloisite Na+  89% 1.71 
3% Cloisite Na+  88% 1.36 
1% Cloisite 30B  85% 2.08 
3% Cloisite 30B  85% 1.85 
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Table 5: Polymer samples sourced from commercial and experimental dopes used for 
extrusion of filaments tows 
 
Polymer source Nanoclay Concentration 
Production grade (control) - - 
Production grade Na+ 1% 
Production grade 20A 1% 
Production grade 30B 1% 
Production grade 
 
93A 1% 
Polymerisation I (control) - - 
Polymerisation I Na+ 1% 
Polymerisation I 
 
30B 1% 
Polymerisation III (control) - - 
Polymerisation III Na+ 1% 
Polymerisation III Na+ 3% 
Polymerisation III 30B 1% 
Polymerisation III 30B 3% 
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Table 6: Roller speed profile for filament (1200 filaments per tow) production. 
 
Godet Roller No Roller name Speed (m/min) Effective stretch 
1 Take up roller 3 - 
2 Pre-heat roller 4.5 1.5 times 
3 Steam stretch 24 8 times 
4 Wash trough 1 24 - 
5 Wash trough 2 24 
Winder - 25 
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Table 7 Single filament testing results. 
 
 Commercial polymer: dope blended solutions Experimental polymers: 
Polymersiation I 
 Control 
Courtelle 
dope 
1% 
Cloisite 
30B  
1% 
Cloisite 
Na+  
1% 
Cloisite 
20A  
1% 
Cloisite 
93A  
Control 
(no clay) 
1% 
Cloisite 
30B  
1% 
Cloisite 
Na+  
 Oven dried filaments    
Average 
linear 
density, 
dtex 
4.6 4.8 5.7 3.9 4.7 5.0 5.0 Too brittle 
to test 
SD 0.5 1.1 1.1 0.5 0.6 1.2 0.8 
Breaking 
elongation,
% 
38.2 37.8 32.7 36.3 36.0 42.2 34.2 
SD 3.7 6.3 5.0 4.7 4.6 9.7 6.3 
Tenacity, 
cN/dtex 
2.6 2.7 2.5 2.8 2.6 1.8 1.8 
SD 0.3 0.4 0.5 4.0 0.4 0.3 0.4 
Initial 
modulus, 
N/tex 
4.4 4.9 4.9 5.0 4.6 1.8 2.6 
SD 0.9 1.1 1.0 1.0 1.1 0.5 0.7 
 Air Dried 
Average 
linear 
density, 
dtex 
3.9 4.4 4.3 4.3 4.7 4.4 5.0 Too brittle 
to test 
SD 0.4 0.8 0.8 0.5 0.5 1.0 1.2 
Breaking 
elongation,
% 
25.2 24.5 24.4 29.3 20.8 24.9 27.4 
SD 3.4 3.1 3.4 3.0 1.7 3.2 3.5 
Tenacity, 
cN/dtex 
2.7 3.0 3.1 2.7 2.4 1.7 1.9 
SD 0.4 0.3 0.4 0.3 0.3 0.3 0.4 
Initial 
modulus, 
N/tex 
7.2 7.6 8.1 5.8 7.9 4.0 3.9 
SD 1.3 2.0 1.8 1.1 1.6 1.4 1.1 
Note: SD is the standard deviation of the 30 specimens tested. 
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Table 8. Tow tensile properties. 
 
 
 Commercial polymer: dope blended solutions Experimental polymers: 
Polymersiation I 
 Control 
Courtelle 
dope 
1% 
Cloisite 
30B  
1% 
Cloisite 
Na+  
1% 
Cloisite 
20A  
1% 
Cloisite 
93A  
Control (no 
clay) 
1% 
Cloisite 
30B  
1% 
Cloisite 
Na+  
 Oven dried 
Linear 
density, 
tex 
196.0 263.0 237.0 232.0 210.0 218.0 232.0 174.0 
Tenacity, 
CN/dtex 
1.9 1.5 0.6 1.8 2.3 1.8 1.0 2.1 
%  Breaking 
elongation 
10.0 14.0 4.0 14.0 14.0 12.0 10.0 11.0 
 Air dried 
Linear 
density, 
tex 
215.0 258.0 200.0 210.0 224.0 200.0 174.0 196.0 
Tenacity 
CN/dtex 
1.9 1.2 2.0 2.3 2.0 2.0 1.2 1.6 
% 
Elongation 
13.0 8.0 10.0 12.0 13.0 10.0 7.0 9.0 
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Table 9 Results of tow analysis made from dope/1% clay-blended filament tows and 
Polymerisation II samples treated with Antiblaze LR2. 
 PL 
(nominal), 
% w/w 
PF, % 
w/w 
∆ PF, % 
w/w 
LOI, 
vol% 
ΔLOI/PF 
 
∆LOI nano, 
vol% 
 
 
Dope-blended 
samples 
Control 
(Courtelle) 
 
0 
 
0.0 
 
- 
 
19.0 
 
0.0 
 
- 
1 1.2 - 21.0 1.7 - 
3 3.5 - 26.0 2.0 - 
6 6.5 - 36.0 2.6 - 
 
Cloisite Na+, % 0 0.0 0 20.4 0.0 1.4 
1 1.5 0.5 21.8 0.9 0.8 
3 4.4 0.9 31.0 2.4 5.0 
6 6.8 0.3 41.0 3.0 5.0 
 
Cloisite 30B, % 0 0.0 0 19.0 0.0 0.0 
1 1.8 0.6 21.8 1.6 0.8 
3 4.3 0.8 30.0 2.6 4.0 
6 6.5 0 36.6 2.7 0.6 
Polymerisation II polymer      
Control 0 0.0 - 18.0 0.0 - 
 1 0.5 - 22.0 8.0 - 
 3 2.3 - 26.0 3.5 - 
 6 3.1 - 31.8 4.5 - 
Cloisite Na+, 5% 0 0.0 0 19.0 0.0 1.0 
 1 1.4 0.9 23.4 3.1 1.4 
 3 2.4 0.1 29.0 4.1 3.0 
 6 4.8 1.7 42.0 4.8 9.2 
Notes: PL = % w/w phosphorus in liquor; PF = % P on fibre; ∆ PF = ( PF nano – PF control) 
∆LOI nano = (LOI nano – LOI FR control)  
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Table 11. Corrected LOI values based on total phosphorus contents  
 PL 
(nominal), 
% w/w 
∆ PF, 
% w/w 
LOI, 
vol% 
LOIP ∆LOI 
nano(corr), 
vol% 
 
Dope-blended 
samples 
Cloisite Na+, 
1% 
0 0 20.4 - 1.4 
1 0.5 21.8 21.9 -0.1 
3 0.9 31.0 27.8 3.2 
6 0.3 41.0 36.8 4.2 
Cloisite 30B, 
1% 
0 0 19.0 - 0.0 
1 0.6 21.8 22.0 -0.2 
3 0.8 30.0 27.6 2.4 
6 0 36.6 36.0 0.6 
Polymerisation II polymer     
Cloisite Na+, 
5% 
0 0 19.0 - 1.0 
 1 0.9 23.4 29.2 -5.8 
 3 0.1 29.0 29.4 -0.4 
 6 1.7 42.0 39.5 2.5 
Notes:; ∆ PF = ( PF nano – PF control), LOIP= LOIFR + ∆PF (ΔLOI/PF)FR, ∆LOI nano(corr) = (LOI nano – LOIP)  
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Table 12.  Characterisation of tows produced from Polymerisation III. 
Clay, % PL  % PF  % LOI after 
80oC, 
vol% 
LOI after 
130oC, vol% 
LOI after 
140oC, vol% 
Control 0 0 19.0 19.0 19.0 
 1 1.4 24.0 22.0 22.0 
 3 3.3 34.0 32.4 31.0 
Na+ 1% 1 2.2 22.2 25.4 24.0 
 3 6.4 36.0 32.4 35.2 
Na+ 3% 1 1.9 23.8 24.0 22.4 
 3 4.9 36.0 32.4 32.4 
30B 1% 1 1.2 24.0 21.0 23.0 
 3 4.0 36.0 29.2 33.8 
30B 3% 1 0.9 23.0 20.4 21.0 
 3 2.7 25.0 26.0 30.0 
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Figures 
 
 
 
Figure 1: Schematic of the formerly Acordis laboratory-scale spinning line. 
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Figure 2. Histograms to show the spread of linear density values for each experimentally 
extruded filament set from stirred solution dopes 
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Figure 3.  Histograms to show the spread of linear density values for laboratory-polymerised 
filament sets containing 1% Cloisite 30B 
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Figure 4. Effect of drying and annealing temperature on PF  values for APP-treated tows of containing Cloisite Na
+ or 30B clays at 1 or 3% w/w 
loadings. 
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Figure 5. Effect of drying and annealing temperature on LOI  values for APP-treated tows of containing Cloisite Na+ or 30B clays at 1 or 3% 
w/w loadings. 
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Figure 6. Trends for (a) LOI vs PF, (b) TGA-derived char perentage at 500
oC versus PF and (c) LOI versus char percentage for PF  4%.
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Figure 7. Effect of drying and annealing temperature on percentage residual chars at 500oC under nitrogen (corrected for clay content)  values 
for APP-treated tows of containing Cloisite Na+ or 30B clays at 1 or 3% w/w loadings. 
